Specific heat, magnetic torque, and magnetization studies of LiCoPO4 olivine are presented. They show that an unique set of physical properties of LiCoPO4 leads to the appearance of features characteristic of 2D Ising systems near the Néel temperature, TN = 21.6 K, and to the appearance of an uncommon effect of influence of magnetic field on the magnetocrystalline anisotropy. The latter effect manifests itself as a first-order transition, discovered at ∼ 9 K, induced by magnetic field of 8 T. Physical nature of this transition was explained and a model describing experimental dependences satisfactorily was proposed.
INTRODUCTION
LiCoPO 4 olivine, crystallizing in the Pnma structure, (i) It shows an exceptionally large linear magnetoelectric effect [2] [3] [4] and a large Li-ionic conductivity (making it promising for application as cathodes in Li-ions batteries). [5] [6] [7] (ii) In its structure, (100) oriented, "corrugated" Co-O layers can be distinguished, within which the Co 2+ magnetic moments are strongly coupled by superexchange Co-O-Co interactions. The neighboring (100) layers are coupled weakly by higher order interactions, 8, 9 e.g., Co-O-P-O-Co. Below T N = 21.6 K, an antiferromagnetic ordering appears in the system. Due to large anisotropy, 8, 10 Co magnetic moments are confined to the directions lying within the b-c plane, ca. 4.6
• away from the b axis. The magnetoelectric effect studies 2 (revealing "butterfly" hysteresis loops and a possibility to produce the single domain state by application of a magnetic field alone), as well as the direct magnetization measurements 11, 12 showed that the Co magnetic moments do not compensate each other completely and a small net magnetic moment, parallel to the b axis, is present. Thus, LiCoPO 4 is an intriguing quasi -two-dimensional weakly ferromagnetic Ising system.
(iii) The presence of a spontaneous magnetization is not consistent with the Pnma' symmetry, for years assumed to be the magnetic symmetry of LiCoPO 4 , but is consistent with the P 12 ′ 1 1 monoclinic symmetry, in which, additionally, a nonzero dielectric polarization and a nonzero toroidal moment are allowed (the monoclinic b axis coincides with the pseudo-orthorhombic a axis). Attempts at measuring the dielectric polarization were unsuccessful.
13
A nonzero toroidal moment was derived 13, 14 on the microscopic level, based on the magnetic struc- ture data. 8 On the macroscopic level, four domain states were observed, 13 two of which were interpreted as "antiferromagnetic" and two other ones as "ferrotoroidic". However, detailed symmetry considerations 15 showed that all four domain states are equivalent and differ in orientation of the net magnetic moment. Each of the domains bears a net magnetic and a toroidal moment, whose signs and directions are mutually rigidly coupled.
(iv) The studies of birefringence induced by magnetic field 16 suggest that the magnetic structure can be even more complex. In addition to the large, uniform in space, and parallel to the b axis component of the main antiferomagnetic vector, Since specific heat is very sensitive to all phase transitions, this work was aimed at studying thermal properties of LiCoPO 4 , at determining the order of observed phase transitions (spontaneous and induced by magnetic field, B, applied along the b axis) and at investigating how the intermediate dimensionality of the magnetic structure of LiCoPO 4 influences the critical behavior near T N .
EXPERIMENT
For the present studies, a LiCoPO 4 single crystal obtained by high temperature solution growth using lithium chloride (LiCl) as flux was chosen. In Ref. 22 , this method of crystal growth was shown to be applicable for the entire crystal family LiMPO 4 (M= Ni, Co, Fe, Mn). In the present case, the synthesis was realized in full analogy to that described in detail for LiNiPO 4 in Ref. 23 , i.e., using a molar ratio 1:3 between LiCoPO 4 and LiCl in the starting mixture and using sealed platinum crucibles with 30 ml volume, with a 50 µm hole in the lid for equilibrating the pressure and minimizing loss of the highly volatile LiCl solvent. The growth parameters and the special technique for separating the flux from the crystals were identical with those used for LiNiPO 4 .
23
No impurity phases occur in the described synthesis process. The growth morphology of the LiCoPO 4 crystals has been described in detail in Ref. 2 and is characterized by the development of orthorhombic (100), (210), (011), and (101) facets, which may be used as reference for the preparation of samples (even without X-ray orientation). The specific heat of the LiCoPO 4 single crystal was measured by means of the relaxation method, using the Physical Property Measurement System, PPMS, made by Quantum Design. Estimated uncertainty of the determined specific heat values was ∼ 2% . In B = 0, studies were done from 2 to 300 K. Since no phase transitions appeared above T N , temperature dependences for nonzero B values, ranging from 1 up to 9 T, were measured up to 40 K only (the magnetic field, B, was applied along the b axis). The experimental points were measured every 0.3 K (for B = 0) or 0.2 K (for B = 0) below 15 K and every 0.1 K within the critical region around T N . In all figures, not all experimental points are marked with symbols to keep legibility. Supplementary magnetization and magnetic torque measurements have been performed by using respective measurement options of PPMS.
RESULTS
The zero-field temperature dependence of specific heat is plotted in Fig. 2a . The inset shows the λ-shaped anomaly accompanying the paramagnetic -weakly fer- (10) romagnetic phase transition at T N . Due to low electric conductivity, 18 ∼ 10 −9 Scm −1 , the electronic contribution to the specific heat is negligible and the total specific heat, C p , consists of the lattice, C ph , and magnetic, C m , contributions only. Below 60 K, C ph can be described by the formula:
where the term ∼ T 3 represents the low-temperature dependence in the Debye model and the term ∼ T 5 is the correction of that model 24 for the nonlinear phonon dispersion relation: ω = c 1 |k| + c 2 |k| 2 . Based on Eq. (1), the Debye temperature was estimated to be θ D = 470 K.
The magnetic contributions to the specific heat, determined by subtracting the C ph (T ) calculated according to Eq. (1) from the measured specific heat, as well as evolution of T N with B are presented in Fig. 2b . To determine the order of the phase transition occurring at T N , C p (T ) for B = 0 and 9 T was measured on heating and on cooling. For both field values, no thermal hysteresis was detected, Fig. 3a , which strongly suggests that this is a second order transition and that its order does not change in magnetic field. It was verified that the experimental data can not be described appropriately by assuming the classical form 25 of critical behavior:
−α , where the critical exponent α takes a value between 0 (corresponding to the logarithmic divergence for the two-dimensional, 2D, Ising system 26 ) and ∼ 0.119 (found for the threedimensional Ising model 25 ). Thus, the critical behaviour in the form:
was assumed and the satisfactory description of the experimental data has been achieved, Figs Table I . (It should be stressed that the uncertainty of T N given in Table I is the uncertainty of the theoretical, fitted parameter. For temperatures ∼ 30 K, the uncertainty of the absolute temperature values determined in PPMS is ±1%, whereas relative temperature changes ∼ 0.03% can be detected an stabilized). We attribute the affect of asymmetry of the λ-anomaly to the quasi-2D character of the magnetic structure, i.e., to the fact that the buckled (100) layers of strongly coupled Co 2+ magnetic moments are not isolated but weakly coupled mutually. With increasing B, T N decreases parabolically, as illustrates the inset to Fig. 2b , and the λ-anomaly decreases, but the transition remains sharp. Such a behaviour is characteristic of a 2D antiferromagnetic Ising system.
28
An additional anomaly appears in B = 8 T at 8.8 K, Figs. 2b, 3b, and 4a. For B = 9 T, it becomes more pronounced and shifts to 9.2 K. Near the anomaly, a hysteresis between the curves measured on heating and on cooling appears and the anomaly measured on cooling is smaller, Fig. 3b . Since these two effects are the basic characteristics of first-order transitions 29, 30 (the first one is related to overheating and overcooling phenomena and the second one is inherent in the relaxation method of measurement), we interpret the anomaly as the indication of occurrence of a first order phase transition. It can be supposed that the tendency observed on increasing the magnetic field from 8 to 9 T will be preserved and the anomaly will increase and shift to higher temperatures with further increase of the magnetic field.
To estimate a change of magnetic entropy related to this transition, we assumed that the magnon contribution, C ma , being the only constituent of C m apart from the transition, can be described in frames of the model developed for anisotropic antiferromagnets.
31 For the cases of low and high temperatures, that model predicts, respectively:
where
, a 0 , b 0 , and a 3 are constants, B a is a parameter of the order of anisotropy and exchange fields, µ B is Bohr magneton, and k B is Boltzmann's constant. A good description was achieved up to 14 K, Fig. 4a . For B < 5 T, the experimental dependences can be fitted with Eq. (3), whereas for larger fields a crossover between the behaviors given by Eqs. (3) and (4) occurs at ∼ 9.5 K. To get a satisfactory description above the crossover temperature for B = 7, 8, and 9 T, it is necessary to add to Eq. (4) a constant term, respectively, of 0.31, 0.41, and 0.53 J/(mole K). Tentatively, this can be ascribed to the fact that the model of noninteracting magnons, 31 within which Eqs. (3) and (4) were derived, is inadequate close to T N (which falls down from ∼ 22 K for B = 0 to ∼ 18 K for B = 9 T). A steep changes of the calculated magnon contributions appearing at the transition point for B 8 T, Fig. 4a , suggest that the transition is related to a change in the stiffness of the magnon system, i.e. to a change of anisotropy or exchange interactions. After subtracting the calculated magnon contributions from C m , Fig. 4a , the entropy change associated with the first-order transition, ∆S, was calculated using the formula: ∆S = T2 T1
[(C m − C ma ) /T ] dT (the temperatures T 1 and T 2 must be chosen sufficiently far from the transition temperature, i.e., at points at which C m = C ma ). It was found ∆S/(k B N A ) = 0.010, which is a very small value (e.g., the entropy change related to disappearance of a long-range order in a system of 1/2 spins is equal to ln(2) ≈ 0.693). a series of spin-flip transitions, starting from B ∼ 12 T, we claim that the magnetic field of 9 T: (i) can influence the distribution of electric charges and, hence, the magnetocrystalline anisotropy of LiCoPO 4 , (ii) is too weak to induce a spin-flip transition. In order to verify these claims and to elucidate the physical nature of the discovered transition, supplementary magnetization and magnetic torque measurements have been performed. The magnetization studies, Fig. 5 , confirmed that this is not a spin-flip transition, because neither in the temperature and field dependences of magnetization nor in their first derivatives any anomaly occurs at the transition point.
The magnetic torque has been measured at T = 9 and 12 K, for the magnetic field of different value, rotating within the b-c plane, Figs. 4b and 4d. The angle θ determining the orientation of the field B within the b-c plane was counted from the b axis. The torque measurements showed unequivocally, Fig. 4d , that the transition is related to a change in the magnetic anisotropy. This follows from the fact that at T = 9 K, i.e., below the transition point, the positions of the torque maxima evolve monotonically with increasing B (up to the highest B value of 9 T) along the direction indicated in Fig. 4d by a blue oblique arrow, while at T = 12 K, i.e., above the transition point, we observe a steep, qualitative change of the torque behavior. That means at T = 12 K, for B = 6 T, the maxima fit into the tendency observed at T = 9 K, whereas for B = 9 T, the maxima shift to the opposite direction than at T = 9 K. This is illustrated in Fig. 4d by a red oblique arrow. To describe this effect theoretically, we propose a simplified model, Fig. 4c , details of which are presented in the appendix, based on the following assumptions:
(i) As it was suggested in Ref. 12 , modulated in space, perpendicular to the b axis, nonzero components of magnetic moments exist in the magnetic structure of LiCoPO 4 .
(ii) The two-sublattice model, in which Co2 and Co3 ions form the one sublattice, denoted as 1, and Co1 and Co4 ions form the other one, denoted as 2, can be applied.
(iii) The modulated, perpendicular to the b axis components average out to zero and only the net magnetizations of both sublattices are essential, Fig.  4c .
(iv) The deflection of the net magnetizations of both sublattices by 4.6
• from the b axis and the possibility of existence of domains, in which the sign of this deflection is different, can be neglected and it can be assumed that the net magnetizations are directed along the b axis.
(iv) The sublattice magnetized "along" the field (denoted as M 1 in Fig. 4c) is rigid, has a well defined magnetization modulus, and its magnetic anisotropy can be analyzed by using the anisotropy constant K 1 .
(v) The sublattice magnetized "against" the external field (denoted as M 2 ) is "weak" and behaves as an anisotropic paramagnet located within an effective field, B eff , composed of the external field, B, and the exchange (i.e. molecular) field, B m , produced by the "rigid" sublattice.
(vi) The magnetization of the "weak" sublattice is equal to:
eff σ , where σ identifies the components along the b and c axes.
(vii) For −90
• < θ < 90 • , the sublattice 1 is the rigid one and the sublattice 2 is the susceptible one. For
90
• < θ < 270
• , both sublattices exchange their behavior, that means the sublattice 1 becomes the susceptible one, while the sublattice 2 becomes the rigid one.
(viii) For θ = ±90
• both sublattices are indistinguishable, therefore the torque goes through zero at these angles.
By taking the B m , χ 1b , χ 2b , and χ 3b values, which fit the best the dependences of net magnetization on B applied along the b axis (measured in Ref. 12 and in the present work, Fig. 5b) , and by treating K 1 , χ 1c , χ 2c , and χ 3c as fitted parameters, a good agreement between the measured and the calculated angle dependences of torque was achieved (Fig. 4b) . The values of the parameters fitting the experimental data the best are given in Table II . These values imply that at the transition point the sublattice magnetized "along" the field becomes "harder" (K 1 grows), whereas the other sublattice becomes "weaker" (its total susceptibility along the b axis remains unchanged, whereas the susceptibility along the c axis grows). Nevertheless, the b axis remains the easy magnetization direction (the sign of K 1 , characterizing the anisotropy of the sublattice 1, does not change and the total susceptibility of the sublattice 2 remains larger along the b axis than along the c axis). This fact explains why no anomalies are observed at the transition point on temperature and field dependences of magnetization measured in the magnetic field applied along the b axis, Fig. 5 . The uncertainty of each parameter given in Table  II was estimated by keeping all other parameters fixed and checking that no noticeable change of the theoretical curve appears for the values of the examined parameter lying within the uncertainty range, whereas for the values beyond that range, fit quality deteriorates evidently. It should be mentioned that the proposed method of analysis, in which 9 fitted parameters are involved, should be treated rather as a qualitative method of elucidating the physical processes occurring in the sample, not as an accurate method for determining physical parameters, e.g. K 1 .
CONCLUSIONS
In conclusion, it was shown that in LiCoPO 4 , the second order phase transition from the paramagnetic to the weakly ferromagnetic phase is accompanied by a λ-shaped anomaly of specific heat, which can be described as the logarithmic divergence (2), characteristic of a 2D Ising system. The deviation from the purely 2D behaviour was ascribed to the quasi-2D character of the magnetic structure. The first-order phase transition induced by an external magnetic field B 8 T parallel to the b axis, appearing at ∼ 9 K, was discovered and shown to be related to the change of magnetocrystalline anisotropy. 
Appendix
We assumed that the simplest description of the LiCoPO 4 antiferromagnet can be based on the twosublattice approximation, in which Co2 and Co3 ions form the one sublattice, denoted as 1, and Co1 and Co4 ions form the other one, denoted as 2 ( Figs. 1 and 4c) . Then, we can apply a molecular field approximation, which must be modified in such a way that the presence of an extremely weak, net spontaneous magnetization, M ex sp , found experimentally, 11,12 will be mimicked. An approach to the latter effect can be based on considerations concerning a much simpler case of a ferromagnet. It is known that within the molecular field approximation, the magnetization of a ferromagnet can be determined graphically as the intersection point of the Brillouin function:
(A.1) and of the linear relation between the y parameter and the magnetization:
where B m , M S , g, and S denote, respectively, molecular field, saturation magnetization, g-factor and spin of the magnetic ion. As shown in Fig. 6 , for T = 0.5 T C , in zero magnetic field the intersection point is located in Since for LiCoPO 4 , the temperature of the first-order transition is ∼ 0.5 T N ∼ 10 K, B m (estimated based on the T N value) is ∼18 T, and the applied fields ranging from 6 to 9 T are of the order from 0.3 to 0.5 B m , we can expect a similar behavior for this more complex case of weakly ferromagnetic antiferromagnet.
Thus, we assumed that the sublattice 1, magnetized along the field, Figs. 4c and 7, is rigid, with well defined modulus of its magnetization, M 0 = 2m Co /V uc , where m Co = gµ B S = 3.26µ B is the magnetic moment of one Co +2 ion (S = 3/2) and V uc is the volume of the orthorhombic unit cell (containing 4 formula units). As the result, magnetic anisotropy of this sublattice can be described by using the anisotropy constant K 1 . On the contrary, the sublattice 2, magnetized against the field, is susceptible and the modulus of its magnetization is a function of value and direction of the field B. Thus, the formalism involving anisotropy constants is inapplicable and we can describe a magnetic anisotropy of the sublattice 2 by introducing different magnetic susceptibilities along different crystallographic directions.
Additionally, the following experimental facts where N is a coefficient needed to convert the value ex- pressed in G to desired units.
(ii) The dependence of magnetization on the field applied along the b axis contains terms linear and cubic in B, as it was found in Ref.11:
(Coming beyond the molecular field approximation we can say that the real LiCoPO 4 magnetic structure can have a form of a very weakly spread out "fan",
16 Fig. 4c . Then, we can imagine that the molecular field picture described above is a simplification of the fact that the "fan" of the sublattice magnetized along the filed folds slightly, whereas the fan of the sublattice magnetized against the field spreads out considerably under influence of the magnetic field.)
Besides we assumed that the deflection of the magnetization by 4.6
• away from the b axis and the possibility of existence of domains differing in sign of this deflection, i.e., +4.6
• or −4.6 • , has no noticeable effect on the angle dependences of torque and on the net magnetization value along the b axis and can be neglected. Thus, in our considerations was assumed that the b axis is the easy magnetization direction for both sublattices. Validity of this assumption has been verified by direct calculations.
Under the assumptions given above, for −90
• the magnetizations of both sublattices are given by the expressions:
where σ denotes b and c. The effective field, B eff , acting on the sublattice 2 consists of the applied, B, and the molecular, B m , field and is equal to:
Then, the free energy of the system is given by the expression:
To assure consistency with the experimental results of magnetization measurements, we assume that for θ = 0 and B smaller than the spin-flip field (as it is in the considered case), also α 1 = 0 and dα 1 /dB = 0. Then, the theoretical resultant magnetization of the sample, calculated according to the formula:
should be equal to the experimental one, given by Eq. (A.4). By comparing coefficients at different powers of B (in particular, the coefficient at B 2 should be equal to 0) we receive the following relations:
(A.10) By substituting B = 0 into (A.9), we receive the equation: and χ ex 3 were determined by fitting the function (A.4) to the M (B) dependences (since we had access to the M (B) dependences measured for T = 9 and 10 K only, the χ ex 1 and χ ex 3 coefficients for T = 12 K were determined by extrapolating the ones found for T = 9 and 10 K). Then, knowing these parameters, B m was determined by solving Eq. (A.11) and the susceptibilities χ ib , for i = 1, 2, and 3, were calculated using Eq. (A.10). (We found B m = 20 T for T = 9 K and B m = 17.55 T for T = 12 K. At the first glance it seems strange that B m varies so considerably, but this can be attributed to the unusual parabolic dependence of the spontaneous magnetization on T (A.3) ).
In order to determine angle dependences of the magnetic torque for B rotating within the b − c plane, for the case −90
• θ 90
• , the α 1 parameter was determined for each θ value by solving (numerically) the entangled equation: Next, M 1σ and M 2σ values were calculated by using the formulae (A.5) -(A.7) and the magnetic torque acting on the whole sample was calculated according to the formula: where V , m, m m , and N A denote, respectively, the volume of the sample, the mass of the sample, the LiCoPO 4 molar mass, and the Avogadro number. The α 2 and M 2 values were determined by using the formulae:
For the case 90 • < θ < 270 • , both sublattices exchange their behavior, that means the sublattice 2 becomes rigid, whereas the sublattice 1 becomes susceptible. Thus, the appropriate free energy and torque values were calculated by using Eqs. (A.7), (A.8), (A.12), and (A.13), in which θ was replaced with θ ′ = θ − 180
• and the α 1 parameter determined by solving Eq. (A.12) was treated as α 2 .
It should be mentioned that for the special values θ = ±90
• both sublattices are indistinguishable and the torque is equal to zero.
As the result of applying the procedure described above, in which K 1 , χ 1c , χ 2c , and χ 3c were treated as fitted parameters, the theoretical dependences of T a on θ, plotted in Fig. 4b with (black) solid lines superimposed on the experimental data, have been obtained.
